It was recently observed' that uridine diphosphate galactose4-epimerase from Saccharomyces fragilis exhibits greatly enhanced activity in the presence of various cations. This activation appears to be primarily due to an increase in the affinity of the enzyme for its substrate, UDP-galactose.1' 2 Many different types of cation are effective in this regard, including univalent and divalent metal ions, and the protonated forms of a number of amines.
It was recently observed' that uridine diphosphate galactose4-epimerase from Saccharomyces fragilis exhibits greatly enhanced activity in the presence of various cations. This activation appears to be primarily due to an increase in the affinity of the enzyme for its substrate, UDP-galactose.1' 2 Many different types of cation are effective in this regard, including univalent and divalent metal ions, and the protonated forms of a number of amines.
Studies of the sedimentation behavior of epimerase in a sucrose gradient at 40 have revealed that under conditions of low ionic strength where epimerase shows suboptimal catalytic activity, the sedimentation coefficient is approximately 6S.
In the presence of 10-2 M spermine hydrochloride, which is a highly effective activator per unit ionic strength, the sedimentation coefficient is 11S. It appears clear, however, that formation of the 11S particle is not a prerequisite for activation of the enzyme. For example, the 11S particle does not appear at very low spermine concentrations (10-4 M) which nevertheless produce marked activation. Furthermore, when the sedimentation is carried out at 250 instead of at 40, no 11S particle is seen, even in the presence of 10-2 M spermine which gives maximal activation.
It has been known for some time that treatment with pCMNB completely inactivates yeast epimerase, and that when the inactivated epimerase is in turn treated with a sulfhydryl compound such as cysteine, and oxidized DPN, 10-20 per cent of the activity is restored.3 In this paper it is shown that inactivation of yeast epimerase by pCMB is accompanied by a decrease in its sedimentation coefficient from 6S to 4S. Upon reactivation with mercaptoethanol and DPN, the enzyme again sediments at 6S. Such reconstituted epimerase, however, has lost its ability to form the 11S particle in the presence of spermine.
We interpret these sedimentation coefficients of 4S, 6S, and 11S as representing successive stages of subunit association corresponding to n, 2n, and 4n, where n is the molecular weight of the 4S particle.
Methods.-Enzyme preparation: Epimerase was prepared from Saccharomyces fragilis (Candida pseudotropicalis) 10022 (A.T.C.C.), by a method similar to that published by Maxwell and de Robichon-Szulmajster.4 Two main departures from this method were found useful: (1) Disruption of the yeast cells with glass beads was replaced by plasmolysis with toluene, using the procedure employed by Cori and his collaborators5 for the purification of hexokinase. (2) Fractionation on a DEAE-cellulose column was replaced by a step in which the enzyme was precipitated in 75% saturated ammonium sulfate (4°C). The precipitate was then washed successively with 35, 30, and 25% saturated ammonium sulfate equilibrated with 0.02 M succinate buffer, pH 5.6, and finally with buffer alone. This final wash contained most of the activity, which was reprecipitated by adding solid ammonium sulfate to 50% saturation. The precipitate was then dissolved in a minimal volume of 0.1 M Tris HCl pH 7.5, containing 0.0001 M EDTA and 1 part in 1,000 of 2-mercaptoethanol, and stored at -90°C.
The new preparation had 3 times as much firmly bound DPN per milligram of protein, and 10 times the specific catalytic activity reported earlier,4 although the comparison of activity is inexact since the earlier assays were done at an undefined cation concentration. In addition, chromatography on Sephadex G-200 gave elution patterns which were distinctly asymmetric with respect to enzyme activity. Such asymmetry was also observed in sucrose density gradients at low protein concentrations (see Fig. 3 , below).
Assay: Measurement of the stimulating effect of cations: Epimerase was assayed as described previously' using UDP-glucose dehydrogenase to couple the formation of UDP-glucose to the reduction of DPN. When the effect of added cations was to be measured, dilutions of epimerase were made in water and the UDP-glucose dehydrogenase preparation was dialyzed for 3 hr against cold water containing 1 part in 1,000 of 2-mercaptoethanol. The cations under test did not affect the Km or V.ax of the dehydrogenase system in the assay reaction mixtures.' The stimulating effect of added cations was studied in sodium glycinate buffer, 0.1 M, pH 8.7, which is approximately 0.01 M in sodium ion, and gives suitably low control values of epimerase activity.
For routine standard assays, the buffer was 0.1 M sodium glycylglycinate, pH 8.7 (sodium ion -0.07 M), the UDP-glucose dehydrogenase was undialyzed and the epimerase samples were diluted in 0.05 M Tris-maleate buffer, pH 6.5,9 containing 0.1% bovine serum albumin. Density gradient technique: Linear gradients were prepared between 5 and 20% sucrose, both solutions containing 0.1M Na glycinate, 10-4 M EDTA, pH 8.7. Sample of epimerase were equilibrated with 0.1 M Na glycinate, 10-4 M EDTA, pH 8.7, by passing through a column of Sephadex G-25 which had been previously equilibrated with this buffer. Yeast alcohol dehydrogenase was a lyophilized crystalline preparation, freshly dissolved as a 0.2% stock solution in 1 % NaCl. Crude hemoglobin, which was stored at -90'C, was prepared by washing rabbit red blood cells twice in 1% NaCl, lysing the cells in distilled water, and centrifuging away the insoluble cell residue. The latter two reference proteins were diluted in the Na glycinate buffer before being mixed with epimerase and layered in a volume of (2) the values of S20,w for alcohol dehydrogenase and hemoglobin are 7.6S10 and 4.6S,12 respectively. Assuming S2o,, to be proportional to the two-thirds power of the molecular weight,10 and the molecular weight of the 4S particle to be n, one obtains the series n, 1.9n, 4 .1n, which fits with the interpretation of dimer and tetramer formation. From the same assumption, using published values for the molecular weights and sedimentation coefficients of hemoglobin12 and alcohol dehydrogenase,'°0 13 one obtains an estimation of from 233,000 to 257,000 for the molecular weight of the 11S particle, which is in agreement with preliminary measurements of sedimentation equilibrium in the optical ultracentrifuge.14 Other assays, chemicals: Protein was determined by absorption at 280 and 260 m/u or by the biuret method11 using amorphous bovine serum albumin as a standard. Titration with pCMB was followed by the method of Boyer.16 UDP-glucose dehydrogenase, DPN, and EDTA were purchased from the Sigma Chemical Company; UDP-galactose, DPN, and glycine were purchased from the California Biochemical Corporation; pCMB and glycylglycine were bought from the is a transformation adopted solely upon the concentration of cations in the "con-for convenience in plotting the data.
trol" sample, which contains mainly sodium ions The broken line represents activity contributed by the buffer, 0.1 M sodium glycinate pH 8.7. This choice of buffer is a compromise in order to retain some degree of buffering capacity and at the same time permit the demonstration of a clear effect with added cations.
It should be noted that the kinetic data represented in Figure 1 were obtained at room temperature, whereas most of the centrifugations have been carried out at 40. Measurements were made of epimerase activity at 40 in 12.5 per cent sucrose in the presence and absence of 10-2 M spermine, using a two-step assay" in which the epimerase was inactivated by heating or chloroform treatment after the initial incubation, and the accumulated UDP-glucose determined enzymatically in a second incubation. Although we had difficulty obtaining reproducible results under these conditions, spermine stimulated activity from two-to sixfold. Effect of spermine on sedimentation: Figure 2 illustrates the sedimentation of epimerase in a sucrose density gradient. In a gradient which contains sodium glycinate at pH 8.7, with no spermine ( Fig. 2A) , epimerase appears as a component with a sedimentation coefficient of approximately 6S. When spermine is included in the gradient at 10-2 M, a concentration which gives maximum catalytic activity,
the epimerase peak appears at 11S (Fig. 2B) . In other experiments not illustrated here, magnesium chloride and sodium citrate were also shown to promote the formation of an epimerase peak 11S, again at concentrations at which they maximally increase the catalytic 2 was observed, either in 10-2 M spermine or 3.2 X 10-2 M MgSO4. These concentrations of electrolyte give fully enhanced activity at this temperature.
It will be noted that the light epimerase peak in both Figures 3A and B is asymmetrical with respect to enzyme activity, and hence may represent not one but several components differing slightly in sedimentation. The value of 6S is in this case an estimate of the average value. This asymmetry has not been observed in either the 11S or the 4S region and appears to be most pronounced at very low epimerase concentrations. Dissociation of the 6S particle to 4S with pCMB and reconstitution of the 6S particle: Epimerase which is fully titrated with pCMB (120 meq per gram of protein6) gives the sedimentation pattern illustrated in Figure 2C , with a single peak of ultraviolet-absorbing material, at approximately 4S, and skewed to the heavy side of the gradient. Epimerase so treated has lost its catalytic activity, its native fluorescence, and its bound DPN.3 6 The catalytic activity but not the native fluorescence can be partially restored by removing the mercurial with a suitable sulfhydryl reagent and adding DPN to the assay components. This restoration involves reconversion of the 4S particle to the 6S form, as illustrated in Figure 4 .
The three fractions with the highest OD280 from the peak of the sedimentation run illustrated in Figure 2C were combined. One third of the combined sample was resedimented in the usual sucrose gradient without further treatment and thus served as a control. The position of the protein in this second sedimentation was determined by adding 2-mercaptoethanol and DPN to each of the newly obtained fractions, and then testing them for restored epimerase activity. As shown in Figure  4A , the activity peak was located at 4S as expected.
The remainder of the combined pCMB-treated samples was reactivated with 2-mercaptoethanol and DPN before being placed on the gradient, and the positions of the protein again determined by enzymatic assay. Figure 4B shows that such reactivated enzyme had a pattern characteristic of the native enzyme, with a peak at 6S in the absence of cations, indicating the re-association of two 4S particles. Subsequent experiments showed that only 2-mercaptoethanol and not DPN was required for the re-association, although DPN is required for catalytic activity.3
When the gradient contained 0.01 M spermine (Figure 40 ), the reactivated epimerase did not sediment at 11S as is the case with native enzyme, but remained at approximately 6S. Furthermore, the total amount of activity was reduced by a factor of 3. This reduction in activity could have resulted from the formation, in the presence of spermine, of insoluble aggregates of epimerase which, at the low protein concentrations of this experiment, would form an invisible residue at the bottom of the tube. This explanation appeared likely when attempts to titrate higher concentrations (0.5 mg/ml) of epimerase with pCMB in the presence of 0.01 M spermine resulted in turbidity and precipitation of protein both at pH 7.5 and 8.7.
Lack of effect of UDP-galactose on sedimentation: Since the activation of epimerase by spermine appears to decrease the Km for UDP-galactose,I it was of interest to test the effect of this substrate on sedimentation. The presence of UDPgalactose in the gradient at 7 X 10-4 M did not alter the sedimentation of the enzyme, a pattern being obtained identical to that in buffer alone, with an approximate sedimentation coefficient of 6S. At 7 X 10-4 M UDP-galactose, which is seven times the Km for yeast epimerase at optimal spermine concentrations,' the addition of 0.01 M spermine increases the reaction rate by a factor of only 2. Discussion.-The change in the state of association of yeast epimerase which is brought about by spermine and other activating cations is reminiscent of observations reported for a number of other enzymes, where association of subunits is brought about by specific allosteric activators. In most of these cases the association has been shown to accompany the activation of the enzyme as an accessory phenomenon, providing certain other conditions are fulfilled, rather than to cause the activation of the enzyme." For example, glutamic dehydrogenase from beef liver is activated by ADP,20 and although there is no change in the state of association at the protein concentrations which pertain during the determination of activity,2' at higher protein concentrations ADP promotes association. In the case of yeast epimerase, temperature appears to be an additional important determinant of the state of association. Thus, at very low protein concentrations, the formation of the 11S particle by spermine is favored at 4°compared to 250. In contrast, the enhancement of catalytic activity is the same or greater at the higher temperature.
The lack of specificity, and particularly the lack of a stereochemical specificity, would appear to remove epimerase activation from the class of allosteric effects as defined by Monod, Wyman, and Changeux.22 It is difficult to imagine a single allosteric site, as such, which can be occupied by either sodium ions or spermine ions. It is certainly possible, however, that the ionic environment of epimerase in structural elements of the cell could exert a regulatory influence, perhaps mediated by some. more efficient natural activator, which is the true physiological agent in vivo.
The heterogeneity with respect to epimerase activity which is apparent in Figure  3 is unexplained. The (Fig. 3B ) may indicate that their interconversion is not in rapid equilibrium compared to the sedimentation velocity. Conversion of 11S to 6S can in fact occur, as shown by an experiment in which 11S material was recentrifuged in a second gradient in the absence of cations, yielding only 6S.
The finding of a decrease in sedimentation constant from 6S to 4S after titration of yeast epimerase with pCMB is of particular interest in view of the effects of pCMB on the catalytic activity and the native fluorescence of the protein, both of which are related to the presence of bound pyridine nucleotide. 3 The role of DPN in the epimerase reaction has been assumed to be to allow the formation of an intermediate nucleotide sugar, oxidized in the 4-position, which could be reduced to give either glucose or galactose, depending on the geometry of the attack.26 Consistent with this idea, recent work6 using the same purified preparation described in this paper has disclosed the presence of 1,4 DPNH as well as DPN in yeast epimerase, and, further, that although the ratio of oxidized to reduced DPN can vary, the sum of the two gives approximately one equivalent of total pyridine nucleotide per 6S particle. It has also been found that DPN is in fact freed from the protein when the protein is titrated with pCMB.
We have shown that DPN is not required for the reconstitution of the 6S particle from 4S, and hence is probably not directly involved in the binding between the two 4S subunits. Since only one pyridine nucleotide is bound to what appears to be at least two polypeptide chains, it is a matter of considerable interest as to whether these chains are the same or different. This question is of interest also because of the possibility of separate regulatory and catalytic subunits in yeast epimerase, such as have been demonstrated recently by Gerhart and Schachman for aspartate transcarbamylase from E. coli.2j
Summary.-UDP-galactose4-epimerase from yeast, when centrifuged in a sucrose gradient, can exhibit a sedimentation coefficient of approximately 4S, 6S, or 11S. These sedimentation values appear to represent successive stages of subunit association.
Numerous cationic compounds, among which polyvalent amines are particularly effective, increase the catalytic activity of yeast epimerase manyfold. These compounds also promote the formation of the 11S particle from the 6S particle. Formation of the 1 1S particle is not, however, required for the increased catalytic activity.
Titration of epimerase with pCMB, which abolishes catalytic activity, leads to the formation of the 4S particle. Upon reactivation of the enzyme with mercaptoethanol, a 6S particle is reconstituted. Previous reports have shown that such reactivated epimerase differs from the native enzyme in that (1) it has lost the characteristic fluorescence of the native enzyme, and (2) it now requires added DPN for catalytic activity. In addition, the reconstituted 6S particle can no longer form the 11S particle in the presence of polyvalent cations. November 26, 1965 In studies on the mechanism of ribosome-linked polypeptide synthesis in E. colil as well as in mammalian systems2' 3 two complementary protein fractions were isolated that participate in the condensation of activated amino acids. One fraction active in bacterial protein synthesis was foundl 4"to be coincident with a ribosome-dependent GTPase. This preliminary identification of a GTP-linked polymerization factor made us hopeful of probing deeper into the role of GTP in protein synthesis, which had been recognized earlier by Keller and Zamecnik.' An obstacle to further progress was the abundant excess of GTP hydrolysis over peptide bond formation present in all our earlier preparations. It has now been possible, by further purification of supernatant fractions and of ribosomes, to reduce the GTP hydrolysis blank to tolerable proportions. Experiments to be reported here indicate one phosphate to be liberated for every amino acid condensed into peptide bonds. As in the previous studies,' the Nirenberg-Matthaei system' of poly Udirected phenylalanine polymerization was used for assay.
COMPARISON
In the previous study by Allende et al.,' the two E. coli fractions had been noncommittally identified as A and B, the A fraction being quite stable, but the B
